INTRODUCTION
There has been a great need to fulfill increasing demands in the energy sector for the last decade. The need for sustainable and reliable electricity supply requires active power distribution networks. This promotes the possibility of bidirectional power flow between the main grid and the consumers. Therefore, the design of future distribution grids is moving away from traditional radial systems toward more networked grids [1] . In this scenario, the self-controlled smart microgrid (SMG) concept is a promising approach. The smart grid concept has been introduced to overcome problems of the power systems and to achieve desired functionalities, such as self-healing, high reliability, high power quality, and accommodation of a wide variety of distributed generation (DG) and storage options [2] . To prevent power system mal-operation and instability, the process of the self-healing procedure should be as fast as possible. This is not achievable unless new progress in computational modeling and optimization methods is used [3] .
In the new energy generation and consumption model, a key role is played by the SMG, i.e., clusters of distributed energy resources (DERs) supporting local loads for which energy deficiencies or production excesses are solved by exchanging power with the utility. DERs provide the advantage to users of exploitation of renewable sources thus reducing the production costs [4] . The SMG permits several intelligent functions that ensure consumer power reliability and optimize the use of energy, mitigate environmental and power quality related impacts, and manage the energy prices and overall costs [5] .
SMGs contain smart energy efficient end-use devices, DERs, advanced whole-building control systems, and integrated communications architecture [6] . Most modern DERs, such as microturbines, photovoltaic systems, fuel cells, etc., are load/grid interfaced through power electronic voltage source inverters (VSIs) [7] . According to [8] , the SMG concept assumes a cluster of loads and micro-sources, operating as a single controllable system, where the inverter plays a key role for a SMG to participate in energy management and voltage and frequency control.
The SMG is managed by controlling the VSI interface of the DERs to work either as islanded or synchronized to the main electric grid. Upon separation from the main grid, the current operation standard prohibits the autonomous operation of the microgrid due to safety issues [9] . In [8] , it was stated that "Upon separation from a utility system, if a smart grid DG stays stable, the inverter of the DG system regulates its frequency. If there is only one inverter in the DG system, load frequency control is accomplished through inverter reference frequency using the PWM technique" (p. 20). The management and control for the SMG are high non-linear problems that are not only related to the environmental/economic optimization problem but also to frequency/voltage security and dynamic stabilization in multi-mode operation [10] .
The main challenge for islanded microgrid operation is to provide the VSI with a controller that regulates voltage and frequency despite load variation; droop control is widely used, as reported in [11] [12] [13] [14] [15] . In this control approach, the frequency and voltage of each DER unit is a linear function of active power and reactive power respectively. A major drawback of this approach is that it is intended for a fixed load and cannot accommodate large variations in the load parameters. To overcome this drawback, the control design uses one of the microgrid inverters to operate with voltage-frequency (V-f) control to stabilize the microgrid voltage and frequency subsequent to islanding situation. When the DC architecture is adopted, only one inverter is used with the required controller. In the case of AC architecture, as adopted in [16] , one of the microgrid VSIs is controlled in V-f control mode, while other inverters are controlled for active/reactive power (P-Q) control.
DC microgrids are gaining high momentum under the smart grid environment. In a DC microgrid system, a bidirectional pulse-width modulated (PWM) AC-DC VSI is used to interface the DC microgrid to an AC system. Within the DC microgrid, DG units, such as photovoltaic cells, microturbines, and wind turbines, are integrated. Storage units are also available to provide energy backup for critical loads [17] .
Some recent research addressed the issue of inverter control in SMGs [18] [19] [20] [21] . In [18] , a microgrid VSI control scheme was proposed based on H ∞ optimal control method to provide a robust performance in the presence of the variation of power factor correction capacitors. Although the H ∞ approach is effective for providing robust stability, it may not guarantee voltage tracking capabilities under loading parameters uncertainty. In [19] , a repetitive controller of a VSI in a microgrid was designed. This controller is difficult to stabilize for all unknown load disturbances and cannot obtain a very fast response for a fluctuating load. In [21] , a robust servomechanism problem (RSP) control was presented for autonomous operation of a single-DG islanded microgrid with a structurally uncertain plant. The parametric uncertainty is due to load variation about their rated values. The design an uses only RSP controller for voltage and frequency control of the microgrid. In [20] , RSP control is implemented by the internal model principle. This controller is used for the outer voltage loop of a microgrid VSI showing robust performance. A discrete-time sliding-mode current controller is used as an inner control loop to the RSP voltage controller for the purposes of overload protection. In this method, a current-limiting function is employed to limit the inverter current commands generated by the RSP voltage controller. This limiting function is not included in the design of an RSP voltage controller. Large overshoot can occur when not using a current limiter, which damages the inverter device. Moreover, some authors [22] do not appreciate the complexity of the method and consider that "the main problem of the RSP controller is the need for relatively hard design" (p. 465).
The hard design of the RSP controller method was discussed in [23] for studying the properties of a closed-loop sampled data system for the RSP. It was shown that fundamental limitations exist on the closed-loop performance of the RSP for a minimum phase sampled system, which are independent of the order of the plant, and of the transmission zero structure of the continuous plant model. It was also shown that fundamental limitations exist on the closed-loop performance of the RSP for a non-minimum phase sampled system in the case of tracking and regulation due to disturbances in the output.
To overcome the load variation and the "hard" design problems, the design of model predictive control (MPC) is considered for voltage and frequency regulation in an islanded microgrid. The advantages of the MPC over the RSP include its facility of handling constraints and being able to use simple models; it presents good tracking performance that is necessary in industrial applications, offers closed-loop stability, and has inherent robustness [24] . In recent decades, MPC has become one of the most widely used multi-variable control algorithms in various industries, including chemical engineering, food processing, automotive, aerospace applications [25] , and recently in power systems [26] [27] [28] [29] [30] [31] [32] . In MPC, a finite horizon optimal control problem is repeatedly solved, and the input applied to the system is based on the obtained optimal open-loop control [24] . Recently, an unconstrained MPC approach was presented for the voltage regulation of an islanded inverter of a DG unit [22] . In [22] , the constraint on the currents of the inverter was neglected; further, load parameters were incorporated in the control procedure, which is impractical and requires real-time update of the model and control design parameters. In [22] , the state-space model of the microgrid did not consider the parameters of the transformer that is used to connect the microgrid to the main grid.
In the present article, a self-controlled microgrid is investigated. The coupling VSI is equipped with a smart controller that can accommodate the islanded mode of operation despite change in loading conditions. The issue of smart voltage and frequency control is addressed to ensure stable operation for consumer loads on one hand and the different renewable generation and storage systems connected on a common DC bus on the other hand. This article proposes a robust dual-loop model predictive voltage control/sliding-mode current control strategy to regulate the voltage and frequency of an islanded microgrid with different loading conditions. The inner loop is designed using a sliding-mode control to limit the inverter current under overload conditions. The outer loop is designed using a constrained MPC to regulate the microgrid load voltages to their reference values. The benefit of this design is that it takes full advantage of the fast response in controlling the inverter current by sliding mode [20] on the one hand, it makes use of the inherent capability of handling constraints of MPC on the other. This article is organized as follows. Section 2 describes the state-space mathematical modeling of the threephase inverter of the microgrid. The dual-loop controller detailed design for the microgrid island is carried out in Section 3. Performance evaluation of the proposed controller is done for various operation scenarios using MATLAB/Simulink in Section 4. Finally, Section 5 concludes the article. 
STATE-SPACE MODELING OF THREE-PHASE INVERTER OF THE MICROGRID
The three-phase inverter system considered herein is a PWM inverter used for DER units, as shown in Figure 1 . A constant DC source is used to model most typical types of DER units for the purposes of controller design. This approximate modeling is reasonable when a mix of DER units operates with energy storage systems with a DC architecture. A typical three-phase PWM voltage inverter is used, with an L-C output filter (with inductance L inv and capacitance C inv ) and a delta-wye transformer (with resistance R T and inductance L T ) that acts as both a voltage transformer and an electrical isolation to the load. Small capacitors (denoted as C load ) are added at the load side to provide further harmonic filtering and stabilization of the load voltage [8] . According to [8] , it is assumed that the PWM space vector and power converter generate ideal voltages according to the commands given by the control. This assumption is valid due to the relatively high switching frequency of the PWM inverter [8] . The state-space model of the microgrid system in a three-phase abc reference frame is derived based on Kirchhoff 's current and voltage laws and is given by the following equations:
where − → V i abc , − → V Load abc , and − → V pwm abc represent the inverter voltages, load voltages, and PWM voltages in the abc reference frame, respectively. As a notational convention, a vector in the x yz reference frame is denoted as
Vectors − → I i abc , − → I Load abc , and − → I sd abc denote the inverter currents, load currents, and transformer secondary side currents in the abc reference frame, respectively. Matrices T ri and T r v denote the current and voltage transformation of the delta-wye transformer, given by
where t r is the transformer turns ratio. The design of the proposed control technique requires that the dynamic equations of the system in the three-phase abc reference frame are transformed into the qd0 stationary reference frame as follows [8] :
Using the above voltage and current transformation equations, the state-space equations of the three-phase inverter system in a dq0-axis reference frame can be written as
where
s . The zero reference components of the inverter voltages and currents will always be zero and can be discarded for a balanced three-wire system of the inverter and balanced loads. The zero components of the load voltages, load currents, and secondary transformer currents can be non-zero under unbalanced load conditions; however, these components are non-controllable and have no use for control [8] .
In this case, the above equations in the dq0 can be simplified in the dq frame as
. The continuous-time model in Eqs. (9) and (12) is rewritten asẋ
where the state variable, input, output and disturbance are
respectively, and
In this article, the controller design is based on the nominal continuous-time model of the system shown in Eqs. (13) and (14).
DESIGN OF THE MICROGRID CONTROLLER
The proposed control strategy uses a dual-loop control structure of the following controllers:
1. inner sliding-mode inverter currents control loop and 2. outer model predictive load voltages control loop.
The outer loop regulates the load voltages to follow the 50-or 60-Hz balanced three-phase reference voltages, which are decided by the microgrid operators. This voltage control loop generates the inverter current set values, which are limited. The inner current control loop generates the PWM gating voltages to regulate the inverter currents to follow the inverter currents set values [8] . Figure 2 shows the block diagram presenting the control structure.
A standard voltage space vector algorithm is used to realize the PWM command voltages applied to the VSI. In the next two subsections, the design of the proposed dual-loop controller is given. The discrete-time state-space equations are adopted for the two-loop control design in the dq stationary reference frame.
Discrete-time Sliding-mode Current Controller
The discrete-time sliding-mode controller is used in the inner current control loop to limit the inverter current under overload conditions because it provides fast and non-overshoot response [8] . To design the discrete-time sliding-mode current controller, the model of the three-phase inverter with an L-C filter is considered without the transformer and load. The secondary transformer current − → I sd qd is treated as a disturbance to the current controller. The state equations describing the system used for controller design are Eqs. (9) and (10) . The statespace representation is as follows:
and the internal state, input, outputs and disturbance are
The state-space equations (Eqs. (15) and (16)) are transformed to a discrete form as follows:
and T s is the sampling period, which, in this case, is equal to the PWM period [8] . To force the inverter currents to follow their set values (decided by the voltage controller), the sliding-mode surface is chosen such that
Thus, the sliding surface S(k) is selected such that when the discrete sliding-mode exists,
The discrete-time sliding mode can be reached if control input u 1 (k) is designed to be the solution of the following:
The control law that satisfies the above equation is known as equivalent control and can be derived as follows:
Then, from Eq. (17), the equivalent control to be implemented in the inner current control loop can be obtained as
Discrete Time Model Predictive Voltage Controller
Since the MPC is the outer loop, the plant seen by the voltage controller is the combination of the true plant (three-phase inverter with an L-C filter and the transformer) along with the discrete-time sliding-mode current controller. To design the voltage controller, the following discrete-time nominal model of Eqs. (13) and (14) is used:
where the state variable, input, and output are
The load voltage reference to be tracked by the MPC is generated in the abc reference frame then transformed to the qd needed for the controller. The referene phase to neutral load voltages in the abc frame is given by
where V m is the phase voltage magnitude, and f ref is the fundamental reference frequency. The load voltage reference in the qd0 frame is given by
Again, only the qd componenets are needed for the MPC design:
The Augmented Plant of the Voltage Controller
To augment the discrete-time sliding-mode controller in the plant, the control law of the discrete-time sliding-mode current controller u 1 eq (k) is used to equal u(k) in Eqs. (20) and (21); so, with substitution in those equations; T . Then Eqs. (20) and (21) become
The next subsection uses the augmented plant to design the model predictive voltage controller.
Design of the Discrete-Time Model Predictive Voltage Controller
MPC is essentially a class of computer control algorithms to control the future behavior of a system through the use of an explicit model of the system. At each control step, the MPC algorithm computes an open-loop sequence of controls to optimize the future system behavior. For the MPC design, the system in Eqs. (23) and (24) is considered. Bounds on the manipulated variables are assumed, as follows:
where u max is the maximum peak value of the inverter currents.
Augmented Model
Equations (15) and (16) are first transformed into an increment model that is appropriate for MPC design purposes [33] :
and in final form with integral action:
By choosing a new state variable vector
Prediction of State and Output
Based on the augmented model in Eqs. (26) and (27), the predicted plant output is calculated using control input as the adjustable variable. Suppose that at sampling instant k the output measurement y(k) is available; the future input trajectory is denoted by δu(k|k), δu(k + 1|k), . . . , δu(k + N c − 1|k), where N c is the control horizon.
The predicted state and output over a prediction horizon N p are given by
where x(k + 1|k) and y(k + 1|k) represent the future state and output, respectively, at sampling instant k + j using initial
It is noted that the predicted state and output can be represented as
Optimization
Denote the following vector δU
T . An objective function resulting in the control inputs to penalize deviations of the predicted control outputs is first defined from a given reference trajectory r (k + i|k):
where Q(i) and R(i) are the weights. Parameters N c , N p , Q(i), and R(i) are all design parameters that can be tuned to give satisfactory dynamic performance. The optimization problem is subject to the following constraints:
It is noted that objective function V (k), as well as the input constraint, can be rewritten in terms of δU (k) [33] . This leads to the following standard optimization problem:
where , φ, , and ω are matrices of specific type; see [33] . This optimization problem can be solved by quadratic programming. Let the solution of the optimization problem be denoted by
MPC Algorithm
The idea of MPC is based on the receding horizon control principle, which can be summarized as follows:
(i) at sampling time instant k, solve the optimization problem using the current measurement y(k);
(ii) the first element of the resulting optimal controller, i.e., δu * (k|k), is applied to the plant in the interval
(iii) the procedure based on the output measurement y(k + i|k) is repeated from step (i) for the next sampling instants i + k(i = 1, 2, . . .).
PERFORMANCE EVALUATION
The load voltage reference to be traked by the MPC is given in RMS value, then generated in the three-phase abc reference frame, then transformed to the qd0 stationary reference frame needed for the controller. It is therefore required for different loading conditions to measure load voltage and current in the abc reference frame with the required reference frequency of 60 Hz and phase angle difference of 120
• between the three phases. The measurements are also shown in the qd0 stationary reference to further explain the effectiveness of the controller by observing the qd0 load voltage and current, especially the zero-sequence value in different loading conditions. The tests focus on the stability of the controller to regulate the voltage and frequency in cases of microgrid reference voltage variation, load variation, single-and two-phase operation, and unbalanced loading. The performance evaluation is intended to show the effectiveness of the controller design under different operation scenarios. The controller is designed based on the nominal system of Eqs. (13) and (14) and is applied to the plant that presents the three-phase inverter, filter, and loads described by Figure 1 Eqs. (5) and (8) with
Here R load is an uncertain load parameter.
The parameters of the test system shown in Figure 1 are given in Table 1 .
For performance evaluation and verification of the proposed controller, the following tests are performed. Figure 5 . As the load resistance changes to smaller value, the VSI has to increase its real current to compensate the increase of real power of the load.
Step changes show the effectiveness of the proposed controller in dealing with abrupt Assuming a full load resistance of 20 , phase a is 50% loaded, phase b is 80% loaded, and phase c is 70% loaded. The simulation is performed for 0.1 sec. The results are presented in Figure 9 . Figure 10 shows the system response to the transition from open circuit to short circuit. This test is performed using the RSP for voltage controll as proposed in [20] . In this method, the current limiting function is performed to limit the inverter current commands generated by the RSP voltage controller. This limiting function is not included in the RSP voltage controller design, and is accomplished by limiting the magnitude of the inverter current commands vector to 300% of the rated values and maintaining its original direction. Figure 11 shows the response to the transition from open circuit to short circuit, mainly showing the response of the inverter currents with and without the current limiting function. Large overshoot is observed in the case of not using a current limiter, which is likely to damage the inverter device.
The simulation results of Tests 1-4 show that, in cases of a balanced three-phase load and single-phase load operations, the zero component of the load current in the qd0 frame is always zero, while in cases of an unbalanced three-phase load and two-phase load operations, it is non-zero. It is also ob- served that the zero component of the load voltage in the qd0 frame is always zero for all loading conditions.
CONCLUSION
A proposed dual-loop controller for the V-f control of a VSI in an islanded microgrid is presented in this article. The controller design is based on employing a cascaded control strategy of two loops. The inner loop is a fast response current controller designed using sliding-mode control to regulate the VSI current under overload conditions. The outer loop is a voltage controller designed using MPC to regulate the microgrid voltage and frequency. A dynamic model of a test system and controller is developed. The performance evaluation of the proposed control strategy is tested under different operating conditions, showing the robustness of the proposed strategy for autonomous operation of SMGs. Dr. Abo-Al-Ez is currently an assistant professor of electrical power engineering in Mansoura University, Mansoura, Egypt. His research interests are renewable energy generation systems, decentralized generation, mathematical and computer modeling, power system optimization, power system planning and automation, power electronics, power quality and smart grids. 
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